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Summary
Objective: Chondrocytes in articular cartilage are surrounded by a narrow pericellular matrix (PCM), which together with the enclosed cell(s)
are termed the ‘‘chondron’’. Although the precise function of this tissue region is unknown, previous studies provide indirect evidence that the
PCM plays an important role in governing the local mechanical environment of chondrocytes. In particular, theoretical models of the chondron
under mechanical loading suggest that the shape, size, and biomechanical properties of the PCM signiﬁcantly inﬂuence the stressestrain and
ﬂuid ﬂow environment of the cell. The goal of this study was to quantify the three-dimensional morphology of chondron in situ using en bloc
immunolabeling of type VI collagen coupled with ﬂuorescence confocal microscopy.
Methods: Three-dimensional reconstructions of intact, ﬂuorescently labeled chondrons were made from stacks of confocal images recorded
in situ from the superﬁcial, middle, and deep zones of porcine articular cartilage of the medial femoral condyle.
Results: Signiﬁcant variations in the shape, size, and orientation of chondrocytes and chondrons were observed with depth from the tissue
surface, revealing ﬂattened discoidal chondrons in the superﬁcial zone, rounded chondrons in the middle zone, and elongated, multicellular
chondrons in the deep zone.
Conclusions: The shape and orientation of the chondron appear to reﬂect the local collagen architecture of the interterritorial matrix, which
varies signiﬁcantly with depth. Quantitative measurements of morphology of the chondron and its variation with site, disease, or aging may
provide new insights into the inﬂuence of this structure on physiology and the pathology of articular cartilage.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is the avascular connective tissue that
covers the ends of bones in diarthrodial joints and provides
a nearly frictionless bearing surface. The articular cartilage
extracellular matrix (ECM) is heterogeneous in composition
and structure, and is classiﬁed into different zones based on
distance from the cartilage surface (superﬁcial, middle, and
deep). The ECM also exhibits signiﬁcant heterogeneity
based on distance from the chondrocytes and is classiﬁed
into distinct regions termed the pericellular matrix (PCM),
territorial matrix, and interterritorial matrix (Fig. 1). The inter-
territorial matrix constitutes the largest fraction of cartilage
matrix, consisting mostly of type II collagen and aggregating
proteoglycan (aggrecan) molecules. The PCM is a narrow
region of tissue that completely surrounds chondrocytes,
which together with the enclosed cell(s) have been termed
the ‘‘chondron’’1,2. The PCM contains many of the same
molecular constituents as the other matrix regions, includ-
ing collagen types II, IX3 and XI4, aggrecan5, and
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2006.8ﬁbronectin6,7, but is generally deﬁned by the unique pres-
ence of type VI in normal cartilage5.
While the functional role of the PCM is not fully under-
stood, the fact that it entirely surrounds the chondrocyte
suggests that this region plays an important role in
regulating both the biochemical and biomechanical micro-
environment of the chondrocyte8. Indeed, it has been
hypothesized that the PCM serves as a transducer of me-
chanical signals2,3,9,10, potentially through an interaction of
type VI collagen with cell surface integrins or hyaluro-
nan7,11e13. These hypotheses are supported by experimen-
tal studies showing that the presence of a newly formed
PCM signiﬁcantly alters the metabolic response14 as well
as the deformation behavior15 of the chondrocyte to me-
chanical loading. In other studies, computational modeling
has been used to examine hypotheses on the role of the
PCM in transducing mechanical signals by incorporating
the structure and properties of chondrocytes, the PCM,
and the ECM (i.e., territorial and interterritorial matrices)
into models of cellematrix interactions8,16e20. The results
of such theoretical predictions, however, depend on the pre-
scribed mechanical properties and geometry of the cell,
PCM, and ECM. The biomechanical properties of these re-
gions, and their variations among different zones, have
been extensively reported (e.g., Refs.21e31).
However, there are few quantitative reports on the three-
dimensional geometry of the PCM, and most theoretical89
890 I. Youn et al.: 3D morphology of the pericellular matrixFig. 1. Transmission electron micrographs of a chondrocyte and surrounding matrix in articular cartilage (E: ECM, P: PCM, C: chondrocyte,
CF: collagen ﬁber in ECM).models have assumed that the PCM possesses a spherical
or ellipsoidal shape. Nonetheless, these studies suggest
that the size, shape, and arrangement of chondrocytes
and chondrons in cartilaginous tissues may have a signiﬁ-
cant inﬂuence on their mechanical environment16,18,28. A
number of studies have used conventional histology5, light
microscopy32, stereological methods33,34, electron micros-
copy35,36, and immunolabeling for type VI collagen36e38 to
describe the structure and morphology of the PCM. Re-
cently, qualitative three-dimensional imaging of isolated
chondrons was performed using confocal microscopy39;
however, visualization of the PCM within intact tissue re-
mains challenging, and a three-dimensional morphological
analysis of chondron structure and its zonal variations in
the cartilage ECM have not been reported.
The objective of this study was to quantitatively examine
the three-dimensional morphology of the intact chondron
in situ using ﬂuorescence immunolabeling for type VI colla-
gen coupled with three-dimensional reconstruction of serial
confocal sections. These methods were used to test the
hypothesis that zonal differences exist in morphometric
parameters such as volume, aspect ratio, and orientation
among chondrons from the superﬁcial, middle and deep
zones in porcine articular cartilage.
Materials and methods
SPECIMEN PREPARATION
Full thickness cartilage blocks were harvested from the
inner (medial) one-third region of the medial femoral con-
dyle from knee joints of skeletally mature pigs (2e3 years
old) obtained from a local abattoir. This region of the joint
represents the site of cartilage opposite the tibial plateau
that is not covered by the medial meniscus. Only cartilage
showing no osteoarthritic changes or ﬁbrillation was used
in this study.
To maintain a deﬁned and consistent orientation among
samples from different joints, the general split-line pattern
on the articular cartilage surface was determined byinserting a dissection needle into the cartilage with India
ink at an angle of 90( to the joint surface40. Cartilage blocks
were ﬁxed overnight in 4% paraformaldehyde and frozen
sections (40 mm) of full thickness cartilage were sliced
from each block in an orientation parallel to the local split-
line direction.
IMMUNOHISTOCHEMISTRY FOR TYPE VI COLLAGEN
To image whole, intact chondrons in situ, a modiﬁed im-
munohistochemistry procedure was developed for en bloc
type VI collagen immunostaining. Frozen sections of full
thickness cartilage from each block were rinsed in PBS
and pretreated with 0.1 M TrypsineEDTA at 37(C for 2 h
to restore immunoreactivity to tissue antigens. Samples
were then blocked in 10% normal donkey serum (Fitzgerald
Industries International Inc.) diluted in assay buffer (0.1%
Bovine Albumin Solution (BAS) in 0.1 M Tris-Buffered
Saline (TBS), Bio-Rad Inc.) at room temperature for 3 h.
The afﬁnity puriﬁed primary antibody (anti-collagen type VI
raised in rabbit, RDI-600401108, Fitzgerald) was diluted to
1:50 in assay buffer and samples were incubated in it at
4(C overnight. After rinsing in TBS, samples were incu-
bated in the secondary antibody (FITC conjugated anti-rab-
bit, RDI-711095152, Fitzgerald) at a dilution 1:4 in a dark
room for an hour. Sliced samples were then rinsed again
in TBS and ﬁxed with a water base mounting media (95-
9943, Zymed) for confocal microscopy.
CONFOCAL MICROSCOPY
A total of 51 chondrons (eight knee joints) were randomly
selected for analysis from the superﬁcial zone (0e50 mm
from the articular surface, n¼ 15), the middle zone
(100e200 mm from the articular surface, n¼ 15) and the
deep zone (the lower 50% of the full thickness cartilage,
n¼ 21). Chondrons in the deep zone were further divided
into three sub-groups depending on the number of chondro-
cytes enclosed in one chondron (one cell, two cells, or three
or more cells, n¼ 7 for each group). For each selected
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using 30e50 serial sections of 512 512 pixels at an inter-
val of 0.5 mm using a confocal laser scanning microscope
(LSM 510, Zeiss) with a water-immersion objective lens
(63, 1.3 numerical aperture).
THREE-DIMENSIONAL RECONSTRUCTION OF SERIAL
CONFOCAL IMAGES
Three-dimensional reconstruction and morphological
measurement of chondrons were performed by a custom
program and graphic user interface in MATLAB (The Math-
Works, Inc.). To reduce amount of memory required for stor-
ing image data and the resulting surface, true colored
confocal images (16 bit, 512 512 pixels) were converted
to grayscale (8 bit) and then smoothed using a median ﬁlter,
which simultaneously reduces noise but preserves edge
deﬁnition within an image41. The IsoSurface function in
MATLAB, used for isointensity surface rendering, is based
on the marching cubes algorithm41e43, by which a smooth
isointensity surface of the inner and outer surfaces of the
chondron was created using a large numbers of triangular
patches. After converting the vertex coordinates on the re-
constructed surface from pixels to real scaled values
(mm), all vertex coordinates and surface connectivity matrix
were stored for further determination of volume, surface
area, size, and orientation of chondrons. The surface area
A of the chondron was calculated as the total area of the tri-
angles that deﬁne the border between the chondron and
ECM in the following equation:
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where P1
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i and P3
i are three-dimensional position vec-
tors of three vertices of any surface triangle i, N is the total
number of surface triangles. Chondron volume was deﬁned
as the total volume enclosed by the reconstructed surface,
which can be decomposed into multiple tetrahedrons con-
sisting of one vertex (P0) inside the volume and the planar
triangular surface base. The coordinates of P0 are deter-
mined as the mean value of all vertex coordinates. By sum-
ming all sub-volumes of tetrahedrons, chondron volume V
was calculated as follows:
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where P0, P1
i, P2
i and P3
i are three-dimensional position
vectors of vertices of any tetrahedron i, and N is the total
number of tetrahedrons.
THEORETICAL AND EXPERIMENTAL CALIBRATION
To assess potential errors involved in the modeling algo-
rithm, a series of parametric studies were performed using
digitally deﬁned rectangular boxes and spheres. Pre-de-
ﬁned images (rectangles or circles at a 1 mm interval)
were generated and three-dimensional objects (rectangular
boxes or spheres) were reconstructed using the current al-
gorithm. Mathematical calculations of parameters such as
volume, surface area, height, width, length, and diameter
of sphere were compared to the measurements of these
values performed by three-dimensional reconstruction
algorithm.
For experimental calibration of the algorithm, latex micro-
spheres (18.0 0.5 mm diameter) were embedded in 2%agarose gel, scanned with an interval of 0.5 mm, and recon-
structed using the customized code. Tests were performed
to assess the possible errors involved in the intensity of
ﬂuorescence dye, photobleaching effects, determination of
the threshold (isointensity) value, and accuracy of z-axis
measurements.
QUANTITATIVE MEASUREMENTS OF CHONDRON
MORPHOLOGY
Quantitative three-dimensional reconstruction was per-
formed as described above (Fig. 2), and the volume
and surface area of the inner and outer surfaces of the
chondron were determined, representing the cell and
PCM, respectively. Other morphological parameters, as
described below, were introduced to describe the local
orientation and the shape of the chondron. To determine
the principal angle of chondron orientation, all vertices
forming the isointensity surface contour were screened
to ﬁnd the two vertices with the maximum distance, form-
ing the principal axis of the chondron, with this maximum
distance deﬁned as the principal length of the chondron.
The orientation of the principal direction was calculated
by its direction cosines with respect to the unit vectors
along the normal direction from surface toward the deep
zone of the cartilage (Fig. 3). The perpendicular cross
section of the chondron through the middle point of this
principal vector was deﬁned as the normal plane, on
which the centroid was calculated. Among the vectors
formed by surface vertices across the centroid of the nor-
mal plane, the maximum and minimum norms of those
vectors were deﬁned as the maximum and minimum
width of the chondron, respectively. The ‘‘shape’’ of
three-dimensional images was described using the aspect
ratio between the principal length and minimum width
(Fig. 3). The average thickness of the PCM was
calculated by subtracting an average radius value of the
chondrocyte from an average radius value of the chon-
dron. In this way, the three-dimensional morphology and
orientation of the PCM and chondrocyte were each
quantiﬁed.
Fig. 2. Three-dimensional reconstructions of the chondron were
performed by recording a series of planar high-resolution images
using ﬂuorescence laser scanning confocal microscopy (a). The im-
ages were converted to grayscale (b), and the image stack (c) was
reconstructed using an isointensity contour in three dimensions41.
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Zonal variations in the morphometric parameters of the
PCM and chondrocytes were tested by analysis of variance
(ANOVA) using the Statistica Software Package (StatSoft,
Inc.). Subsequently, post-hoc analysis was performed using
the NewmaneKeuls test, with statistical signiﬁcance re-
ported at the 95% conﬁdence level.
Results
In the theoretical calibration study, less than 1% error
was found in volume and surface area measurements of
simple rectangular boxes and spheres. The experimental
calibration study showed that the preset value of the isoin-
tensity threshold is critically important to reconstructing the
Fig. 3. The orientation angle of the chondron relative to the axis per-
pendicular to the cartilage surface was determined based on the
principal axis of the chondron (left). The aspect ratio was deﬁned
by the ratio of the principal length (L) divided by the minimum width
of the chondron (S ) (right).three-dimensional structure and calculating geometric
parameters of the chondron. Using ﬂuorescent latex
micro-spheres, an optimal threshold was determined that
reduced calculation errors less than 2% in volume and
surface area measurements, although the true accuracy
of this method is difﬁcult to assess41.
Chondron morphology varied signiﬁcantly among the dif-
ferent zones, as shown by three-dimensional reconstruc-
tions of serial confocal images (Fig. 4). Chondrons in the
superﬁcial zone exhibited a discoidal shape, with a long
axis oriented parallel to the split-line pattern. Chondrons in
the middle zone showed a more rounded morphology
than other groups, with no preferable orientations and vary-
ing shapes. In the deep zone, chondrons were ellipsoidal in
shape, with a principal axis oriented perpendicular to the ar-
ticular surface. In many cases, multiple chondrocytes were
observed within a single chondron.
Chondrocyte morphology, deﬁned as the internal surface
of the PCM, also varied signiﬁcantly among the different
groups, as shown by the three-dimensional images of chon-
drocytes (Fig. 5). The shape of chondrocyte showed a sim-
ilar pattern as that of morphology of the chondrons. In the
deep zone, chondrocyte morphology was similar to that of
the middle zone in cases where three or more chondrocytes
were within a single chondron.
Signiﬁcant zonal variations were found in the volume and
surface area of the PCM and chondrocytes. The volumes
of the PCM (828 230 mm3) and chondrocyte (416
121 mm3) in the superﬁcial zone were signiﬁcantly less
than that of other zones [Fig. 6(a), P< 0.05]. In the middle
zone, PCM (2218 832 mm3) and chondrocyte volumes
(729 165 mm3) were also statistically lower than that in
the deep zone (PCM: 5095 2167 mm3, chondrocyte:
1117 287 mm3, P< 0.05). Surface area measurements
for the cell and PCM also showed similar, statistically signif-
icant trends (P< 0.05) as the volume.
The normalized ratio of the PCM volume to chondrocyte
volume was similar among superﬁcial, middle, and deep
zones, and showed no signiﬁcant difference among groups.
The volume of the PCM was more than twice that of the cell
in each zone [Fig. 6(b)].
In the deep zone, the total volume of the PCM depended
on the number of cells enclosed [Fig. 7(a)]. Chondrons com-
prising two chondrocytes had statistically greater PCMFig. 4. Three-dimensional images of typical chondrons from the superﬁcial, middle, and deep zones of articular cartilage. In the deep zone,
chondrons were generally in a columnar arrangement and had 1e4 chondrocytes within a single chondron.
893Osteoarthritis and Cartilage Vol. 14, No. 9Fig. 5. Chondrocyte shape and orientation showed similar zonal variations as the chondrons. The morphology of the chondrocyte was deter-
mined from the inner boundary of the chondron.volume than single cell chondrons (P< 0.05), while a single
cell chondron had higher normalized ratio of PCM volume to
chondrocyte volume as compared to other groups in the
deep zone [Fig. 7(b)].
The aspect ratio of chondron (maximum length/minimum
width) provides a measure of the overall shape of chondron.
Chondrons in the middle zone exhibited a ‘‘rounder’’ shape
(aspect ratio close to 1) in comparison to chondrons from
other zones (Fig. 8). This aspect ratio was signiﬁcantly
higher in the superﬁcial zone, representative of a more ‘‘dis-
coidal’’ or ﬂattened ellipsoidal shape, considering the max-
imum width in a plane normal to the principal axis. However,
in the deep zone, the maximum and minimum width were
similar, characterized by an elongated ellipsoidal shape
along the principal axis.
The calculated average thickness of the PCM surround-
ing the chondrocyte was signiﬁcantly increased with depth
from the tissue surface [superﬁcial: 2.1 0.5 mm, middle:
3.3 0.8 mm, and deep: 4.0 0.8 mm, Fig. 9(a)].
The primary orientation of chondrons, which is repre-
sented by the angle between the principal direction anda line perpendicular from cartilage surface to deep zone,
was found to vary among the different zones [Fig. 9(b)].
Chondrons in the superﬁcial zone were aligned parallel to
cartilage surface, while chondrons in the deep zone were
mainly oriented vertically (i.e., perpendicular to the cartilage
surface). Chondrons from the middle zone showed no clear
orientation. The principal directions of chondrocytes also
showed similar trend to that of chondrons, but multimember
chondrocytes (more than three cells in deep zone) showed
random orientation similar as chondrocytes in the middle
zone.
Discussion
The ﬁndings of this study provide a method for direct
three-dimensional measurements of the in situ size and
shape of chondrons in articular cartilage based on ﬂuores-
cence immunolabeling for type VI collagen. Our results
show signiﬁcant zonal variations in chondron shape, size,
volume, and orientation, with more ﬂattened discoidalFig. 6. The total volume of the chondron increased with depth from the tissue surface, with signiﬁcant differences among all three zones (left).
The volume of the PCM relative to that of the enclosed cell, however, remained constant among the different zones (right).
894 I. Youn et al.: 3D morphology of the pericellular matrixFig. 7. In the deep zone, chondrons enclosing multiple cells were observed. The total volume of the chondron in the deep zone increased with
the number of cells (left). However, the ratio of the PCM volume to cell volume decreased as the cell number increased (right).chondrons in the superﬁcial zone, rounded chondrons in the
middle zone, and elongated, multicellular chondrons in the
deep zones. This new method for en bloc imaging provides
a novel approach by which the morphology of the chondron
can be quantiﬁed in three dimensions without extraction or
physical sectioning of the tissue.
An important consideration in the interpretation of this
data is the assumption that type VI collagen deﬁnes the
PCM, and therefore, the chondron in articular cartilage.
In normal cartilage, type VI collagen is localized only in
the pericellular region38,44e47. However, there is evidence
for the presence of other molecules such as type IX colla-
gen or laminin as molecular constituents of the PCM36,48.
Interestingly, mice that lack type VI collagen still exhibit
a PCM and extractable chondrons46. These ﬁndings sug-
gest that the other molecular constituents may play an im-
portant role in deﬁning the structure and morphology, and
Fig. 8. The aspect ratio of chondrons was signiﬁcantly greater in the
superﬁcial and deep zones, characteristic of the ﬂattened discoidal
shape in the superﬁcial zone and the elongated columnar shape in
the deep zone. In the middle zone, chondron shape was more
rounded.therefore, the physical properties of the PCM in normal
cartilage.
In osteoarthritic cartilage, type VI collagen can be distrib-
uted throughout the matrix37e39,49. This increased expres-
sion is predominantly localized to the middle and deep
zones, while the concentration of type VI collagen may be
reduced in the superﬁcial zone37,38. The loss of localized
type VI collagen in the PCM is consistent with a signiﬁcant
change in the mechanical properties of the PCM
reported previously, with osteoarthritic chondrons exhibiting
w40% decrease in modulus and w2.5-fold increase in
permeability as compared to chondrons isolated from
non-osteoarthritic tissue27,28. In this regard, the three-
dimensional structure of the chondron appears to be disrup-
ted with osteoarthritis, and thus the present technique may
have limitations in imaging the true boundary of osteoar-
thritic chondrons.
Both chondron shape and cell shape were found to vary
signiﬁcantly among the different zones, consistent with pre-
vious studies of chondrocyte and chondron morphology34.
The aspect ratio (maximum length/minimum width), which
provides a measure of the overall shape of chondron, indi-
cated that chondrons in the middle zone possess
a ‘‘rounder’’ shape as compared to the more discoidal
shape of surface zone chondrons. In the deep zone, chon-
drons generally contained multiple cells oriented in a colum-
nar arrangement. Furthermore, the primary orientation of
chondrons, which is represented by the angle between
the principal direction and a line perpendicular from carti-
lage surface to deep zone, was found to vary with depth
[Fig. 9(b)]. Chondrons in the superﬁcial zone were aligned
parallel to the tissue surface, while deep zone chondrons
were aligned perpendicular to the tissue surface. Both
chondron orientation and shape were paralleled by cell
shape and orientation. These ﬁndings are consistent with
the hypothesis that the local collagen architecture of the in-
terterritorial matrix, which is similarly aligned from superﬁ-
cial to deep zones, plays a critical role in deﬁning the
shape and orientation of the chondrocyte and its PCM. Re-
cent studies of the mechanical properties of the PCM27,28
indicate that its modulus is approximately an order of mag-
nitude lower than that of the overall cartilage tissue (i.e., in-
terterritorial matrix), suggesting that the shape of the PCM
would likely be dictated by the properties of the surrounding
tissue compartments.
895Osteoarthritis and Cartilage Vol. 14, No. 9Fig. 9. The average thickness of the PCM was signiﬁcantly increased with depth from the tissue surface (left). This ﬁnding was also reﬂected in
the total volume of the PCM and chondron (Fig. 6). The angle of orientation of the principal axis of the chondron also changed with depth, with
the superﬁcial chondrons oriented parallel to the cartilage surface and the deep zone chondrons oriented perpendicular to the cartilage surface
(right).Both the volume and the mean thickness of the PCM (av-
eraged over the entire chondron) increased signiﬁcantly
with depth from the tissue surface. Furthermore, the total
volume of the PCM was found to depend on the number
of cells enclosed. However, the volume of the PCM normal-
ized to the cell number was relatively consistent [Fig. 6(b)],
suggesting that cells in all zones of cartilage may synthe-
size a similar volume of the PCM.
Chondrocytes maintain the structural composition of the
cartilage ECM through a balance of anabolic and cata-
bolic activities that appear to be regulated by local factors
in the cellular microenvironment, such as mechanical
stress (reviewed in Ref.50). There is signiﬁcant evidence
that PCM plays a biomechanical role in cartilage and by
regulating the local stressestrain and ﬂuid ﬂow environ-
ments of the chondrocyte. Previous theoretical models
of cellematrix interactions in cartilage suggest that shape,
size, and mechanical properties of the PCM may signiﬁ-
cantly inﬂuence the mechanical environment of the chon-
drocyte. In this light, quantitative measurements of
morphology of the chondron and its variation with site,
disease, or aging may provide new insights into the inﬂu-
ence of this structure on physiology and the pathology of
articular cartilage.
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